Introduction A scorbic acid (AsA), vitamin C, has pleiotropic roles in maintaining healthy conditions in the mammalian body.
(1) A deficiency of AsA results in metabolic abnormalities and an imbalance of redox homeostasis, notably in the cardiovascular system, and in severe cases, fatality increases, as typically observed in scurvy. AsA is concentrated in central nervous system (CNS) and appears to be involved in a number of metabolic processes including dopamine b-hydroxylase activity in the biosynthesis of catecholamine. (2) AsA is released from astrocytes upon stimulation by glutamate and is then taken up by neurons. (3) While AsA exerts neuroprotective action by suppressing oxidative stress that is triggered by glutamate excitotoxicity, (4) it also promotes oligodendrocyte generation and remyelination. These results imply that AsA could have therapeutic potential for the treatment of demyelinating diseases, such as Multiple Sclerosis.
(5) Thus AsA is beneficial in the CNS from standpoint of physiology and pathology.
Rodents are popular laboratory animals, but because they have the ability to synthesize AsA they cannot be used as model animals in investigations of the AsA functions. The enzyme Lgulono-g-lactone oxidase (GULO) catalyzes the final step in the biosynthesis of AsA synthesis, using molecular oxygen and releases AsA. (6) Primates are incapable of synthesizing AsA due to a mutation in the GULO gene, which likely occurred about 63,000,000 years ago. (7) The genetic ablation of GULO shows a total defect in AsA synthesis in mice. (8) In turn, gluconolactonase (GNL) catalyzes the dehydration of L-gulonate to L-gulono-glactone, the penultimate reaction in the AsA synthesis pathway. Mice with a genetic ablation of GNL, which is identical to the senescence marker protein 30, also show complete inability to biosynthesize AsA. (9) Aldehyde reductase (AKR1A) and aldose reductase (AKR1B), members of the aldo-keto reductase (AKR) superfamily, (10) have been reported to catalyze the NADPH-dependent reduction of D-glucuronic acid to L-gulonate, the reaction immediately before that catalyzed by GNL. (11, 12) The ablation of these genes, therefore, result in impaired AsA synthesis, and the contributions of AKR1A and AKR1B to AsA synthesis in mice reduced to 85-90% and 10-15%, respectively. While AKR1A -/-mice show pathological characteristics similar to scurvy and do not survive beyond one year in the absence of AsA supplementation, (13) neither the phenotypic abnormality associated with an AsA insufficiency nor an altered longevity has been reported for AKR1B
-/-mice. (11, 14, 15) AKR1A also plays roles in metabolic reactions in addition to AsA synthesis, which appears to confirm its existence in primates. (16) (17) (18) (19) Regarding the function of AsA in CNS, AKR1A -/-mice are hypersensitive to pentobarbital anesthesia and this can be reversed by the administration of AsA. (20) On the other hand, AsA has no influence over the aggressive behavior caused by an AKR1A deficiency. (21) Thus, AKR1A appears to play differential roles in the CNS or other neuronal systems, but no rational explanation has been provided for this. In this study we subjected AKR1A -/-mice to the Morris water maze test and evaluated the effects of an AsA insufficiency in the light of the spatial memory formation.
Materials and Methods

Animals. AKR1A
-/-mice with a C57BL/6 background that were generated using a gene-targeting technique, (12) were bred in our institution and used throughout the study. The male AKR1A +/ + and AKR1A -/-mice were weaned at 30 days of age and fed a standard diet (Picolab 5053, LabDiet, St. Louis, MO) ad libitum with free access to either water or water containing 1.5 mg/ml AsA until they were used. The supplemented AsA concentration was sufficient to allow the AKR1A -/-mice survive longer than one year. (13) Animal experiments were performed in accordance with the Declaration of Helsinki under the protocol approved by the Animal Research Committee at our institution.
A
Morris water maze test. To evaluate spatial memory in the AKR1A -/-mice, the Morris water maze test was performed. (22) A circular target platform (10 cm in diameter) was immersed in a pool (diameter 120 cm) 7 cm below the surface of the water, and four black-and-white drawings were attached to the inside wall of the pool above the water surface. The water temperature was maintained at 20 ± 1°C. The test was conducted on 4 consecutive days. Each mouse was examined four times per day, starting at a different position each time, in submerged platform trials in whitecolored water containing skim milk. The swimming was videotracked for 90 s. When the mouse reached the platform within 90 s, it was allowed to remain on the platform for 15 s and view the drawings. If the mouse did not reach the platform within 90 s, it was forced to view the drawing on the platform for 15 s. Escape latency, escape distance and swimming speed were measured in the quadrant where the platform was located using a video tracking system Compact VAS ver 3.0x (Muromachi Kikai, Tokyo, Japan).
Measurement of the reduced form of AsA. A fluorescent probe, 15-(Naphthalen-1-ylamino)-7-aza-3, 11-dioxadispiro [5.1.58.36]hexadecan-7-oxyl (Naph-DiPy), was synthesized (23) and used to measure the concentration of AsA. (18) Fresh blood plasma prepared from either the tail vein or the heart at autopsy was used for the AsA assay. In a typical run, a blood sample was collected in the presence of excess EDTA. The blood plasma was obtained by centrifugation of the sample at 800´g for 3 min at room temperature. Hippocampus tissue was dissected from mice, quickly frozen in liquid nitrogen, and stored at -80°C until used. After homogenizing the hippocampus tissue in 10 volumes of phosphate-buffered saline followed by centrifugation at 17,400´g for 15 min at 4°C, the supernatant was diluted with phosphate-buffered saline. The blood plasma or the diluted tissue extract were incubated with Naph-DiPy for 30 min at room temperature in the dark. The AsA concentration was calculated by measuring the fluorescence at an excitation wavelength of 310 nm and an emission wavelength of 430 nm using a microplate reader (Valioskan Flash, Thermo Fisher Scientific, Waltham, MA).
Measurement of choline, acetylcholine, glutathione and cysteine. LC-MS analyses of choline, acetylcholine, cysteine (Cys), and glutathione (GSH) in hippocampus extracts were performed as described in a previous report (24) with minor modifications. (25) 10 mg of tissue samples were homogenized in 100 ml buffer containing 20 mM N-ethylmaleimide (NEM) and 50 mM ammonium bicarbonate, pH 8.0, to block the sulfhydryl groups in Cys and GSH. The resulting homogenate was incubated for 10 min at room temperature. After adding a 200 ml portion of methanol containing 5 mM N-methylmaleimide (NMM)-derivatized GSH as an internal standard and another 200 ml of chloroform, the mixture was thoroughly stirred and centrifuged at 12,000´g for 15 min 4°C. The upper aqueous layer was filtered through a 0.45 mm filter (Millex ® -LH, Merck Millipore, Burlington, MA). A 90 ml aliquot of the filtrate was lyophilized, the residue dissolved in 30 ml of 50% acetonitrile, and subjected to liquid chromatography (LC)-mass spectrometry (MS) analysis. A Q Exactive Hybrid Quadruple-Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a heated electrospray ionization source was operated in the positive ionization mode for this analysis. An Ultimate 3000 liquid chromatography system consisted of a WPS-3000 TRS autosampler, a TCC-3000 RS column oven, and a HPG-3400RS quaternary pump (Dionex, Sunnyvale, CA). A SeQuant ® ZIC ® -pHILIC column (2.1´150 mm, 5 mm particle size; Merck KGaA, Germany) was maintained at 30°C. The mobile phase A was 20 mM ammonium bicarbonate, pH 9.8, and the mobile phase B was 100% acetonitrile. System control, data acquisition and quantitative analysis were performed with the Xcalibur 2.2 software. Standard curves for choline, acetylcholine, GSH-NEM, and Cys-NEM showed linearity in concentration ranges examined.
Measurement of neuroactive amines in hippocampus
tissue. The levels of amines were measured by high performance liquid chromatography (HPLC), as previously described. (26) Hippocampus tissue was homogenized in 0.2 M perchloric acid (10 ml/mg tissue) containing 100 mM EDTA-2Na and isoproterenol (100 ng) was added as an internal standard. After centrifugation at 20,000´g for 15 min, the supernatants were transferred to another tube and the pH adjusted to 3 by adding 1 M sodium acetate. Samples were diluted to 1/20 and 1/400 with 0.2 M perchloric acid containing 100 mM EDTA-2Na. Samples (10 ml) were then analyzed by HPLC.
Histological analyses of brain. Histological analyses were performed at the Pathological Analysis Center, Institute for Promotion of Medical Science Research, Yamagata University. Dissected brains were fixed in 10% buffered formalin followed by embedding in paraffin. Brain sections (5 mm thick) were subjected to either hematoxylin and eosin (H&E) staining or Nissl staining. Photographs of the sections were taken with a BZ-X700 microscope (Keyence, Osaka, Japan).
Protein preparation. Brains were weighed and homogenized in 5 volumes of RIPA buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing a protease inhibitor cocktail (Roche) and centrifuged at 17,400´g in a microcentrifuge. The supernatant was used for protein determination using a Pierce ® BCA TM Protein Assay Kit (Thermo Fisher Scientific).
Immunoblot analyses. Aliquots of protein were separated on 10% or 15% SDS-polyacrylamide gels and electroblotted onto polyvinylidene difluoride membranes (GE Healthcare, Chicago, IL). The blots were blocked with 3% skim milk in tris-buffered saline-containing 0.1% Tween-20 (TBST), and were then incubated with the antibodies. Some of the primary antibodies used in this study had been produced in a previous study; AKR1A, (17) AKR1B, (27) SOD1, (28) SOD2, (28) GPX1, (29) and catalase (Merck Millipore, 219010), and b-actin (Santa Cruz Biotechnology, sc-69879, Dallas, TX). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse IgG antibody (Santa Cruz Biotechnology) were used as secondary antibodies. After washing, the presence of bound HRP was detected by measuring the chemiluminescence using Immobilon western chemiluminescent HRP substrate (Merck Millipore) on an image analyzer (ImageQuant LAS500, GE Healthcare).
Statistical analysis. The results are expressed as the mean ± SEM. Statistical analysis was performed using the Student t test or one-way ANOVA, followed by the Tukey-Kramer test for multiple groups. A p value of less than 0.05 was considered significant. *p<0.05, **p<0.01, ***p<0.001.
Results
AKR1A knockout impairs spatial memory formation in juvenile mice but not young adult mice. During their period of lactation, the drinking water for the AKR1A -/-mice was supplemented with AsA (1.5 g/L) for the purpose of breeding but was ceased at the time of weaning at 30 days after birth, while a second group of AKR1A -/-mice continued to receive the AsA supplement to distinguish the effects of AsA from other functions of AKR1A. We subjected three groups of juvenile male mice at 4-weeks of age; AKR1A +/+ mice, AKR1A -/-mice without AsA supplementation, and AKR1A
-/-mice with AsA supplementation, to the Morris water maze test after weaning. The findings indicated that a latency to reach the platform was significantly decreased in the AKR1A +/+ mice and the AKR1A -/-mice with AsA supplementation during the trial period (Fig. 1A) . On day 1 and day 2, no statistically significant differences were noted among the three groups, but on day 3 and day 4, the AKR1A -/-mice without AsA supplementation showed a delay in escape latency compared with the other groups. The escape distance was not significantly shortened in the AKR1A -/-mice during the session but gradually became shortened in the case of the AKR1A +/+ mice or the AKR1A -/-mice with AsA supplementation (Fig. 1B) . Swimming speed remained about the same during the session for all three groups (Fig. 1C) . On the other hand, when the same experiment was conducted on young adult mice at 13-15-weeks of age, no significant differences were observed in latency among three groups of mice (Fig. 1D) . Body weights were about the same among the three groups of mice (data not shown).
AsA levels are preserved in the brain longer than other organs. We measured AsA levels in blood plasma and whole brains of juvenile mice at 5 weeks of age and young adult mice at 13-14 weeks of age. The plasma levels of AsA were about 15% in juvenile AKR1A
-/-mice and less than 10% in young adult AKR1A
-/-mice compared to corresponding AKR1A +/+ mice ( Fig. 2A) . Supplementation with AsA increased these levels to 70% of the corresponding values for AKR1A +/+ mice in juvenile AKR1A
-/-mice and young adult AKR1A -/-mice, respectively. To the contrary, the brain maintained higher levels of AsA; 70% in juvenile AKR1A
-/-mice and 15% in young adult AKR1A
-/-mice (Fig. 2B) . It is also noteworthy that the AKR1A -/-mice that received AsA-supplementation maintained the same levels of AsA as that for the AKR1A +/+ mice. When AsA levels were measured in other organs, the liver and kidney, as well as blood plasma and brain of juvenile AKR1A -/-mice at days 0, 3 and 7 after the cessation of AsA at 4 weeks of age, the levels declined rapidly in blood plasma, liver, and kidney ( Fig. 2C and D) . However, the brains of AKR1A -/-mice originally contained several-fold higher levels of AsA than the liver or kidney and more than 70% of the AsA was preserved on day 7. These findings suggest that there is a specific mechanism for preserving AsA in the brain compared to other organs.
Levels of neurotransmitters amines, acetylcholine, redox compounds in the hippocampus. We hypothesized that the production of neurotransmitters might be affected by the status of AsA and that this might influence the neuronal function of the juvenile mice. Because dopamine is released into the dorsal hippocampus, binds to D1/D5 receptors and promotes several responses, including spatial learning, (30) the dopamine levels, together with other neurotransmitter amines in the hippocampus were measured by HPLC. Essentially no significant differences were observed in their levels among three mice groups, except for finding that the norepinephrines were slightly increased in AKR1A
-/-mice with AsA supplementation compared with AKR1A +/+ mice (Table 1) . Since the hippocampus is regarded as the site of action for the effects of nicotine on spatial learning, (31) we also measured the levels of acetylcholine and choline together with the antioxidative molecules, cysteine and GSH, in hippocampus area of three groups of juvenile mice by LC-MS. Again, there were no significant differences in their levels among the three groups of the mice.
No changes in brain histology or related proteins.
When histological analyses of the brain were performed on the three groups of mice at 5 weeks of age, no evident changes were observed in the brain sections that had been subjected to either H&E staining (Fig. 3A) or Nissl staining (Fig. 3B) . To further explore the reason for the defect in the spatial memory formation in the AKR1A -/-mice, the levels of AKR1A and AKR1B and antioxidative enzymes in the brains of these mice were assessed by immunoblot analysis. The absence of AKR1A was confirmed in the AKR1A -/-mice, and no changes were observed in the levels of AKR1B among the three groups of mice ( Fig. 4A and B) . The levels of major antioxidative enzymes, SOD1, SOD2, GPX1, and catalase remained unchanged. We also assessed possible variations in AKR1A and AKR1B levels in the AKR1A +/+ mice during aging ( Fig. 4C and D) and no changes in their levels were detected at 5, 13, and 31 weeks of age. Thus the AKR enzymes and antioxidative system remained unchanged during aging and appeared to not be the cause for the differential response in the neuronal function.
Isoflurane anesthesia had no affect on the spatial memory formation in young adult mice. Because a variety of stress conditions can exerts an oxidative insult and AsA suppresses it by virtue of its antioxidative function, it is possible that stress caused by anesthesia might affect the spatial memory formation in the AsA-insufficient adult AKR1A -/-mice. We used isoflurane, an inhaled anesthetic, that reportedly affects spatial memory formation via oxidative stress or endoplasmic reticulum stress in juvenile rodents. (32, 33) Male AKR1A +/+ mice or AKR1A -/-mice that had grown to 12-13 weeks of age without AsA supplementation were treated with a relatively high dose of isoflurane (2%) for 2 h on day 0, and were then subjected to the water maze test in following days as shown in Fig. 1 (Fig. 5) . The results indicated that the isoflurane treatment had no significant effects on spatial memory formation both in the AKR1A +/+ mice or in the AKR1A
-/-mice, suggesting that the young adult mice had a robust resistance against an AsA insufficiency.
Discussion
The findings reported herein show that AKR1A -/-mice at the juvenile stage had a defect in spatial memory formation, as judged by the results of a water maze test (Fig. 1A) . Although AsA levels were relatively well preserved in brains compared to other organs after the cessation of supplementation (Fig. 2D) , spatial memory formation was impaired by a minor decline in the AsA contents in juvenile AKR1A -/-mice. The impairment in the memory formation became less evident in adult AKR1A -/-mice (Fig. 1D) , implying that the maturation of the neuronal system rendered the CNS resistance to an AsA deficiency.
Roles of AsA in CNS have been extensively examined in GULO -/-mice (34, 35) and GNL -/-mice. (9, 36, 37) However, there are substantial differences between our results and these studies. The ablation of AKR1A continues to enable the production AsA at a level of 10-15%, (11, 12) while the ablation of either GULO or GNL resulted in a decrease in AsA production to negligible levels. (8, 9) The complete absence of AsA for a long period would affect a variety of physiologic processes, and would show more profound phenotypic abnormalities in GULO -/-or GNL -/-mice than in the AKR1A -/-mice. The advantage of using AKR1A -/-mice would be that a certain amount of AsA would persist in the brain, which is similar to the actual pathological state of a human with an insufficient AsA dietary intake.
High levels of AsA were retained in the brains of these mice, while the AsA contents rapidly declined in other organs of the AKR1A -/-mice after the cessation of AsA supplementation (Fig. 2) , which is consistent with the previous reports using other genetically modified mice. (34) An AsA deficiency during gestation causes developmental defects in the neonatal cerebellum and impairs its function in adult GULO -/-mice via alteration in cellular composition at that location. (35) Impaired spatial memory has also been reported in juvenile guinea pigs, (38) which, like primates, are unable to synthesize AsA due to a hereditary defect in GULO. Neuron numbers in the brain are reduced in the guinea pig, implying a causal connection between the immature neuron development and impaired spatial memory. However, this is not the case for the juvenile AKR1A
-/-mice because no apparent difference was observed in the number of neurons, probably due to the recruitment of AsA via cord blood until the time of weaning and high preservation of AsA in brain (Fig. 3) .
A deficiency in AsA synthesis is associated with an elevation in oxidative stress in the brains of GNL -/-mice (9, 36, 37) and GULO -/-mice. (39) While antioxidation is the putative function of AsA, AKR1A
-/-mice showed no changes in the levels of redox molecules, such as glutathione and cysteine, in the hippocampus compared to the AKR1A +/+ mice (Table 1) , which suggests that robust oxidative damage in neuronal cells is not likely the cause for the impaired memory in the juvenile AKR1A -/-mice. Treatment of the young adult AKR1A
-/-mice with isoflurane, which has been reported to affect spatial memory formation in juvenile mice by neurodegeneration, (33, 40) showed no apparent difference in the spatial memory of the adult AKR1A
-/-mice that grew up without AsA supplementation (Fig. 5) . This is consistent with anesthetic action of isoflurane, in that it does not affect duration of the loss of the righting reflex of young adult AKR1A -/-mice, while pentobarbital anesthesia delays it compared to AKR1A +/+ mice. (20) Given these observations, clinical doses of isoflurane anesthesia would not be expected to cause any severe impairment in spatial memory formation in mice.
AsA reportedly supports the action of dopamine b-hydroxylase, an enzyme that catalyzes the conversion of dopamine to norepinephrine in vitro.
(2) Adult GULO -/-mice show a mild motor deficit, as observed by their slow swimming in water, which suggests that an AsA deficiency may affect neostriatal pathways via a dopamine-glutamate interaction process. (41) In our study, however, swimming speed was the same in all juvenile mice (Fig. 1C) . There are no significant changes in norepinephrine content in adrenal glands between the AKR1A -/-and AKR1A +/+ mice. (21) We also observed essentially the same results on neurotransmitters in the hippocampus, as evidenced by the fact that no difference was found in the levels of neurotransmitter amines or acetylcholine in the hippocampus of AKR1A -/-and AKR1A +/+ mice ( Table 1) . We observed slight but significant increase in norepinephrine content in the AKR1A -/-mice with AsA supplementation. AKR1A
-/-mice without AsA supplementation also showed a trend of high norepinephrine content. These findings collectively suggest involvement of other enzymatic characteristics of AKR1A than the AsA synthesis in either production or decomposition of norepinephrine in the hippocampus, although actual mechanism is not clear at present. Consistent with our results, it has been reported that an AsA treatment improves spatial memory in APP/PSEN1 mice, a mouse model for Alzheimer's disease, but does not alter monoamine levels in the nucleus accumbens. (42) In the meantime, AsA appears to play a protective role against the excessive action of glutamate receptor in dopaminergic neurons, (4) which suggests that the modulation of cellular signaling may be involved in spatial memory formation. Thus, precisely how AsA supports spatial memory formation remains unclear, and further studies will be required from the standpoint of the production and function of neuronal transmitters.
A recent study revealed that AKR1A has a novel role in energy metabolism of cells, (43) which may explain not only the function of AsA but also the phenotypic difference of AKR1A -/-mice from GULO -/-mice and GNL -/-mice. AKR1A mice possess S-nitrosocoenzyme A reductase activity, (19) which protects sulfhydryl groups in proteins from S-nitrosylation, and hence the ablation of AKR1A increases the level of S-nitrosylation in proteins. A glycolytic enzyme pyruvate kinase M2 appears to be the main target of Snitrosylation via the S-nitroso-coenzyme A, which leads to the suppression of enzymatic activity and causes insufficient ATP production in AKR1A -/-mice. (43) Because neurons are cells in which energy is mainly supplied from glycolysis, neuronal function would be suffered in the case of a short ATP supply. AsA stimulates the release of nitric oxide from the S-nitrosylated proteins (44) and, hence, supplemented AsA can cope with Snitrosylation reactions in the absence of AKR1A. Given this action of AsA, it is conceivable that supplemented AsA would protect pyruvate kinase from S-nitrosylation-mediated inactivation and rescue neuronal function in AKR1A
-/-mice. The influence of a short ATP supply would be evident notably in juvenile mice whose synaptic communication is premature and vulnerable. Thus, there are several possible mechanisms that could cause the impaired spatial memory formation in the juvenile AKR1A -/-mice. An AsA insufficiency causes a defect in spatial memory formation in juvenile mice but not in young adult mice. Although the status of AsA had no effect on production of neurotransmitters, AsA may support neuronal function either via direct action on neurotransmitter function, ameliorating stress conditions, or maintaining energy metabolism. In any event, these results, point to the importance of taking sufficient amounts of AsA for maintaining proper memory formation particularly at the juvenile stage of animals that are unable to synthesize AsA. +/+ mice (WT + Iso; A) and AKR1A −/− mice (KO + Iso; B) were treated with 2% isoflurane (Iso) for 2 h on day 0 and then subjected to Morris water maze test. Identical sequences of start locations were used each day. Data are latency (s) to reach the goal (n = 7 for each group). Data corresponding to the AKR1A +/+ and AKR1A −/− control mice were redrawn from the corresponding data in Fig. 1D for reference. Values are expressed as the mean ± SEM. No statistical difference was observed between control group and isoflurane treated group in both genetic mice.
